An electron-optical system and hemispherical electrostatic energy dispersing element for quantitative electron spectroscopy over a wide range of kinetic energies is described. The electron optics were modeled using several calculational techniques, in order to determine the theoretical conditions under which a fixed linear magnification could be obtained. By designing an optical system with a plane of reflection symmetry, fixed magnification focus was possible over a calculated range of retard ratios from 1/40 to 40/1. The optics can be run in two different modes, one with and one without a retarding field grid to achieve the energy retardation. Comparisons between the predictions made using the various computational methods are reported, as wen as experimental verification of the actual performance of the electron optics and energy analyzer. A method is described by which the angular acceptance of the electron optics can be varied by changing the excitation potentials on the lenses. The completed system allows for the simple installation of single-channel, multichannel, and spinpolarization detectors without modification of the analyzer.
INTRODUCTION
Modern surface science relies heavily on a number of charged particle spectroscopies for the study of surfaces and interfaces. Some of the most common are electron spectroscopy of photoemission and Auger electrons. In our laboratory, we make use of Auger spectroscopy (AES), and ultraviolet (UPS) and x-ray photoelectron spectroscopy (XPS) in the study of metallic thin films grown by molecular beam epitaxy. It is of great importance to be able to quantitatively measure electron energy distributions in complex thin-film systems, since such experimental parameters as absolute over layer coverage depend on accurate yield measurements. In addition to the emitted electron energy distribution, the angular distribution of emitted electrons is important. Angular profiles of emitted valence-band electrons can be used to determine the sample band structure. With higher energy electrons generated by x-ray absorption or electron scattering, the angular distribution can provide information about structural parameters and concentration profiles. Diffraction effects seen in angle-resolved XPS and AES are increasingly being used to clarify interface structure. i In this paper we report on an electron optical system and energy dispersing hemispherical capacitor combination that we have used in performing electron spectroscopy over the wide range of kinetic energies found in UPS, AES, and XPS. The electron optics were designed to be flexible enough to permit operation in a number of "modes," varying in complexity of implementation. Extensive modeling of the lens optics was performed, and detailed experimental verification of the optical performance was carried out and is reported here. The completed analyzer has been used with both single-channel electron detection, and with a mu!tichannelplate detector array.
The analyzer was designed to be used with boih laboratory (unfocused) x-ray sources and focused synchrotron radiation sources. In order to extract the maximum signal when used with laboratory sources, the electron optics is capable of imaging a source size of 20 mm 2 • The magnification of the system is maintained constant over a wide range ofincident kinetic energies, facilitating quantitative analysis of electron yields. When used as an Auger spectrometer, the lens optics permits continual monitoring of Auger yields during thin-film deposition, which is expected to improve the reliability of overlayer coverage measurements based on Auger electron intensities.
I. MECHANICAL DESIGN, VACUUM CONSIDERATIONS, AND MATERIALS
A schematic drawing to scale of the complete electron lens and hemispherical capacitor is shown in Fig. 1 . The electron lens is constructed as six independently biasable elements, so that it can perform as two identical electron lenses in tandem. These elements are machined from 304 stainless steel. This choice was influenced by the necessity to use nonmagnetic materials that could be machined to high tolerances, and that would maintain dimensional stability under repeated DRV bakeout procedures. The entire lens stack is supported by the mounting of lens-element six (LE6 in Fig.  1 ) to a ~-in.-thick aluminum support plate which is in electrical contact with LE6. It has subsequently been determined that bakeout temperatures in excess of 150°C have not been required to reach the low 10-lO-Torr pressure region. Under these conditions, substitution of 6061 aluminum for the 304SS in the lenses would be possible.
The sequence of cylindrical lens elements LEI-LE6 are held together by 10-32 S8 nuts and bolts, insulated from the lens elements by a machinable polyimide polymer material called Vespel™.
2 This choice was made after attempts to use alumina ceramic and machinable ceramic (Macor™) were unsuccessful. Alumina ceramic tubing, which is often lE1 lE2 lE3 P = Q:: 2.250 AID" 1 GID = 0.1 LE4 0::38.9 R 1 =76.2 R 2 =127.0 LE5 LEe Q2 used in UHV applications, did not afford a means to machine the insulating components to appropriate shapes. Macor is generally used in such circumstances, but in our application the compressive stresses generated in bolting the lens elements together resulted in fragmentation of the Macor pieces. The machinability of Vespel was found to equal or exceed that of Macor, yet the polyimide polymer was able to sustain the stress of assembly and bakeout. The insulating properties of the polymer have been found to be adequate for this lens assembly, in which the field strength never exceeds 10 kV fcm across an insulator. Vespel components were also used in the capacitor assemblies. It was found that the UHV compatiblilty of the Vespel was excellent, as was dimensional stability under bakeout temperatures to 150"C.
Apairof80% transmission W-mesh grids (Gl, G2) are placed between LE3 and LE4. The two apertures (A 1, A2) are made ofO.035-in. molydenum sheet. The lenses are constructed with a lip having a width of 0.3 D in order to establish a wen-behaved electrostatic boundary condition. The mounting bolts and electrical contacts for the lenses also pass through this lip. All SS and aluminum surfaces which are used to determine electron-optical potentials are coated with amorphous graphite (aquadag).
The energy-dispersing capacitor consists of two aluminum hemispheres and a pair of annular field-termination plates. The hemispheres were hydroformed from kin. sheet, leaving flanges on the outside of the hemispheres.
3 These flanges were used for subsequent mounting of the hydroformed spheres to the main aluminum mounting plate. The principle advantages of the use of hydro formed hemispheres are a substantial reduction in weight and the elimination of the time-consuming task of machining the spherical surfaces. The termination plates themselves are two concentric annuli machined from kin. aluminum plate, subsequently coated with aquadag. The hemispheres were mechanically polished with SiC and alumina, foHowed by a chemical polish. The polished hemispheres were coated with aquadag which was also lightly polished as the final step before installation in the analyzer.
The lens stack and hemispherical capacitor are surrounded by magnetic shielding fabricated from O.040-in. thick conetic,u metal. The lens stack is inside a cylindrical,umetal tube which extends up to the gap between LEi and LE2, thereby providing electrostatic shielding of the lens gap electric field. in addition to the magnetic shielding effect in the sample region. The lens-stack ,u-metal cylinder penetrates inside a second magnetic shield which forms the general vacuum chamber shield of the sample region. The lensstack shield is welded to a fiat plate of f.l metal which lies under the aluminum support plate holding the capacitor.
The capacitor is surrounded by another hydroformed ,umetal hemisphere which completes the magnetic shielding. All of the fabricated p-metal components were subsequently vacuum annealed at 1065 °C before final assembly.
The detector assembly is capable of being removed from the exit plane of the analyzer through a 4~-in.-o.d. port, without disturbing any other structure. Two detectors have been used; a single channeltron detector and a dual microchannelplate array of 25 mm diameter for multichannel detection. The structural segregation of the detector assembly makes replacement of failed detectors simple and can easilyaccommodate future exotic detectors, such as spin-polarization detectors.
II. OPTICAL DESIGN

A. Theory
It was considered important that the electron lens system be capable of performing well with both unfocused laboratory x-ray sources, and small-spot-size (a few mm) focused synchrotron radiation sources. 4 It was desirable that some convenient way of altering the angular acceptance of the lens system be employed. Experiments were envisioned that would require angular resolutions of order 1 0 for both Auger and photoelectron emission, but other common situations would benefit from simply accepting the maximum possible solid angle of emission.
Electron-optical systems conserve the Helmholtz-Lagrange phase space product, usually expressed in the form Eb.Aan = constant. s The area-saUd-angle product b.Aan collected by the analyzer has a maximum determined initialElectron spectroscopyly by the physical size of the hemispherical capacitor, although this upper bound may be reduced by further physical limitations of the lens system. Nevertheless, when considering an optical system to use with various light sources, the design limits will be set by the largest EAA Ml one wishes to collect.6-J() In the present case, we have chosen a hemispherical capacitor size large enough that the energy resolving slits, when imaged by the electron-optical system, accept a large fraction of the emitting area of the samples we typically use. This has been achieved with a linear magnification ofthe lens optics equal to 1, and slits of size 2 X 10 mm.
If we denote the emitted electron energy and phase space at the sample by subscript "s," and the final energy and phase space at the entrance slit of the analyzer capacitor by subscript "a," then we can write EsAAsAOs = EaAAaAOa according to the Helmholtz-Lagrange relation. In a system of cylindrical symmetry, the area element is appropriately expressed as AA = 'IT Ar . If the optical system is apertured so as to collect pencils of electron rays confined to a smaliangle cone from each point on the sample, then AO;:::
where a is the cone half-angle. 
In our case, the linear magnification is maintained at My = 1, so that the angular magnification will vary as the square root of the retard ratio. The physical layout of the lens array is shown in Fig. 1 . Optically, it is equivalent to two identical three-element Einzellenses, separated by a retarding field grid pair. The middle two lens elements, LE3 and LE4, can be made electrically equivalent, thereby removing the retarding field between the grids G] and G 2 • In this mode, the lens array functions as a single five-element fixed magnification zoom lens. Extensive modeling and experimental testing of both operational modes (with and without retarding field) have been carried out.
In order to model the behavior ofthe lens array, a number of computational methods were employed. Rapid calculations of a number of geometrical lens arrangements and potential distributions were accomplished using a matrixmultiplication scheme which modeled the complete lens as a sequence of four independent two-element lenses.
lI .
n In a second approach, accurate values for the AID = 1, G = O.lD three-element lens focal points as a function of voltage were obtained using the parametrized expansions of Harting and Read. 11 These parametrized calculations were used to calculate the theoretical bias potentials for the final lens geometry at discrete retard ratios. Finally, for selected combinations of geometry and biasing, ray tracings were performed by integrating the equation of motion using the unified potential method 14 in order to determine aperture placements and lens filling factors.
The matrix method ray-tracing program we use calculates the focal lengths for each lens gap for specific kinetic energy ratios by interpolating data from Harting and Read. The actual matrix mUltiplications for the four lens gaps of our system is extremely fast, so that this technique can be used to search through a multiparameter space in which both the physical geometry and biasing of the lens elements is varied. In order for the matrix method for two-element lenses to be meaningful in a mode! for a multielement lens, the physical lens must contain sections long enough to approximate field-free regions between each potential gap. In practice, this is reasonably well achieved even when modeling the dual gaps that form the three-element Einzel lens withAID=l.
When the geometrical locations of the lens elements were fixed, and an approximate set of focusing potentials derived using the matrix method, these potentials were further refined using a parametrized data set generated for three-element lenses by Harting and Read. In our case, with linear magnification M, = 1, it was possible to focus at a fixed exit position 15 over a retard range of 1 <,EsiEa <,40 . Since the object (Pi) and image positions (Qi) are symmetrically located with respect to the lens midpoint, the lens voltages can be run in a mirror image, generating an overall focusing range of 40 2 = 1600. Since this method of calculation uses data sets generated for the three-element lens configuration, it does not suffer from the approximations used in the matrix method based on two-element lenses. The results of these calculations are represented as the theoretical curves in Fig. 2 , which shows the experimental measurements on the optical system as compared to theory.
As a final check on the characteristics of the lens optics, a ray trace of the lens for several retard ratios was performed. We used an implementation of the paraxial-ray approximation to the equations of motion for an electron in a cylindrically symmetric field 16 following the method outlined in Ref.
14. In the paraxial-ray approximation, the equation of motion depends only on the on-axis potential and its derivative in systems with cylindrical symmetry. It is, therefore, quite simple to generate the potential distribution for a multielement lens system. [6 Examples of ray tracings using this method are shown in Fig. 3 . these graphs were used to determine the positions and sizes of aperture stops, and to ensure that the electron trajectories did not approach the outer diameter of the lens elements.
The lens optics are realized by six independently biasabIe lens elements, as shown in Fig. 1 , along with a retarding field grid assembly built into the gap between the third and fourth elements. The lens is capable of being biased so as to operate in two different modes, each of which is optically very different, with individual advantages and disadvantages. The first mode uses a planar retarding field established by the grids G[ and G 2 to establish the retard ratio. The first three lens elements and the last three are then each biased as :i 2. The points are experimental data points, t)]e solid line is the result of a fit to a theoretical calculation. The value of K, (pass energy) was 100 eV. K J is equal to the incident particle energy.
true unipotential or Einze11enses. That is, LEI and LE3 are at the same potential, with LE2 biased for focusing. Similarly, LE4 and LE6 are i.n common, with LE5 biased for focusing. Since the two lenses are optically identical, the kinetic energy ratio used to focus both lenses is also identical. We call this the retarding field (RF) mode. In the second mode, LE3 and LE4 are made electrically common, and the lens is operated as a five-element lens with fixed magnification. In a five-element lens, there are three adjustable potentials (LE2, LE3-4, LES), since the energy in LEI and LE6 are set by the electron kinetic energy at the sample and by the pass energy of the capacitor, respectively. Strictly speaking, only two adjustable parameters should be required to fix both image position and magnification over a wide range of retard ratios. In our case, we establish an equal 
40.
- retard ratio between LE3-4 and LEI as for LE6 and LE3-4, leaving the bias on LE2 and LE5 as our adjustment. The fiveelemen t lens can then be viewed as a balanced 17 pair of geometrically identical "asymmetric Einzel" lenses (AEL). 11 This is the context in which the calculations of Fig. 2 were performed .
B. Retarding field mode
The RF mode of operation is the simplest, from the point of view both of electron optics and of providing bias voltages from power supplies. It relies on the property that closely spaced grids can be viewed as maintaining the linear magnification of an image, while changing the angular divergence of the pencils forming the image, so as to conserve the Helmoltz-Lagrange phase space. s Since the object (Pi) and image (Qi ) distances are equal in both of the Einzellenses, the overall magnification is maintained at z 1 (the grids alter the magnification slightly) . Biasing the lens elements is simple. LE 1 and LE3 are grounded, LE4 and LE6 are at the retard potential. The kinetic energy ratio between LE2/LEl and LE5/LE4 is the same for both lenses; the biasing is accomplished by resistor dividers. The theoretical value for the deceleration ratio for a true Einzellens with P = Q = 2.2SD can be read directly from published tables, 11, 12, 18 or calculated using the schemes discussed above. A comparison between our calculated ratio and the experimentally determined value is shown in Table 1 . A major advantage of the RF mode of operation is that all of the lens bias potentials are linear and can be derived from a single supply voltage used to Although it was intended to operate the RF mode with an intermediate real image formed at the grids, it was experimentally determined that an additional class ofRF focusing mode resulted in even higher transmission. The empirically determined bias potentials were ray traced, at which point the mechanism became clear. The kinetic energy ratio in each lens for this new mode is such that rays emitted on axis at the sample are parallel to the axis as they pass through the grids. This situation is similar to that illustrated in Fig. 3 in the case of unity retard ratio (in this case the grids are at the same potential). Although no intermediate real image is formed, the bundle of rays from the sample is nearly perpendicular to the grid surface, so that the action of the grid pair apparently results in minimal distortion of the final im~ge formed at the analyzer entrance slit. Although the preCIse reason for the improvement in transmission in this case is not clear, it may be related to the fact that the strength of the Einzel lenses is smaller when no intermediate image is formed. A comparison between the theoretical value and experimentally determined value for the focusing potentials is also shown for this RF mode in Table I .
c. Balanced five~element mode
Operating the lens as a true five-element lens results in the highest transmission and the greatest flexibility. The lens stack was tested as a five-element lens with G 1 and G 2 in place. Generally, an increase in transmission of a factor of 2 compared to the highest transmission RF mode was achieved in the five-element mode with the grids in place. Removing the grids is possible for a system intended to only use the five-element mode, which would increase the transmission further. However, operating the lens as a five-element lens requires a more sophisticated voltage supply, since there are three nonlinear voltages required in addition to the (linear) sweep supply. The theoretical and experimental values of the focusing energies for the five-element lens mode are shown in Fig. 2 . The theoretical curves were calculated by adjusting the lens potentials to focus at ! 3 discrete retard ratios u~ing the p~ra metrization method described above. These discrete pomts were then fit with a sixth-order polynomial which was used to generate the continuous curves shown in the figure. The polynomial is summarized in Table II .
In the five-element mode, LE3 and LE4 are electrically connected. The data are presented in terms of the kinetic energies of particles in each lens element, using a zero of potential such that the total energy is K + V = O. The assignment of kinetic energy to physical lens element is K 1 :LEl, K z :LE2, K3:LE3-LE4, K 4 :LE5, K5:LE6. Ks is also the hemisphere pass energy; K J is the incident particle energy. It was found that a constant image position and magnification (M r = 1) was achievable for a retard ratio of 1 <XliKs = KslKa <40. With mirror symmetry applied to the retard ratio, this results in an overall theoretical dynamic range of 0.025 <KJKs<40.
The theoretical limit on retard ratio is due to an inability to maintain a constant Mr for the given image position. This occurs when one half of the lens is at its weakest strength. 18 For LE2 this occurs when K21 Kl = K31 K 2 ; for LE5 this occurs whenK 4 1K 3 = K 5 1K 4 • Both of these limits are shown in Fig. 2 . Note that the design implicitly restricts the biasing of LE3-LE4 so that the lens is broken into two halves which equally divide the overall retard ratio. That is, the lens is "balanced," with K)/ K J = Ks/ K3' Thus the theoretical and experimental bias for LE3-LE4 is maintained so that K3/Ks = (Kl/Ks) 1/2. The experimental data points are shown for both accelerating (K 1 < Ks) and decelerating (K 1> Ks) conditions. The "error" bars mark the range of actual bias which resulted in a decrease in transmission to 50% of maximum. It is seen that this range is roughly a constant fraction of the actual kinetic energy in the lens elements over the range of retard studied. This results in tighter absolute voltage control being required at low kinetic energies. The agreement between theory and experiment in the five-element mode is quite good over the range 0.1 ~R ~ 16. For higher R, the measured value of KzIK s (bias to LE2) begins to deviate from the theoretical prediction. As shown in Fig. 2 , this range corresponds to the region for which the kinetic energy in LEI and LE2 are the same (K 1 =K 2 ). At this point, the number of gaps producing lens action is reduced from 4 to 3. This experimentally determined constraint is apparently more restrictive than the theoretical strength criterion mentioned earlier (see also the comments on the aperture AI below).
Ray tracings for some specific examples of retard ratios in the five element mode are shown in Fig. 3 . These traces illustrate trajectories that are constrained to enter the hemispherical analyzer capacitor with an angular divergence of <: ± 0.1 rad. This constraint is discussed further in Sec. II D.
The arrows mark the positions at which an angular aperture stop would ideally be placed. This location, in paraxial ray optics, is determined by the point at which aU rays originating at the image with the same angle are mapped to the same radius. It is clear that the ideal aperture stop, for fixed final angular divergence, must move in position and change in diameter as a function of overall retard ratio. It is not generany possible to realize such a moving aperture in a vacuum system. Among other problems, the physical aperture will perturb the local potential distribution if placed in the vicinity of the lens gaps. In practice, the aperture can safely be placed either one diameter from a lens gap. or in a region for which the potential symmetry can be exploited to permit the equipotential plane of the aperture to be inserted without disturbing the field. In our case, the physical layout of the five-element lens allows the placement of an aperture (A 1 ) at the junction between LE3 and LE4 (which are at the same potential) without altering the fields, but this is not the best location. As Fig. 3 shows, an aperture placed at the midpoint ofLE5 (biased to K 4 ) will provide approximately ideal windowing for a system in which the exit angles are to be kept constant, This position is not an exact equipotential for the five-element mode (although it is an equipotential for the RF modes described above). However, an examination of the calculated on-axis potential and derivative showed that the maximum perturbation from an equipotential occurs for R = 16, and decreases for smaller and larger R. The measurements of Fig. 2 therefore represent the maximum deviation from theoretical performance to be expected from such an aperture placement.
D. Hemispherical capacitor dispersive element
The choice of the hemispherical capacitor geometry was influenced by both electron optical and practical considerations. Based on constraints concerning the overall physical size of the completed instrument, it was required that the completed capacitor, termination plates, magnetic shielding, detector, etc. be contained in a vacuum housing based on a 12-in.-i.d. wire-seal flange. This was accomplished by choosing an outer-hemisphere diameter of 10 in. A choice of a sphere gap of 2 in. resulting in an inner-hemisphere diameter of 6 in., allows for the installation of a multidetector array with up to 16 channels (see below). The final design has 1169
Rev. Scl.lnstrum., Vol. 58, No.7, July 1987 innerradiusR t = 3 in., mean radius Ro = (R j + R 2 )/2 = 4 in., and outer radius R2 = 5 in,
The selection of the sphere dimensions, once the outer radius was chosen, was based upon the desired energy resolution and bandpass in multidetector mode of the analyzer. If the entrance slit and exit slit of the analyzer have equal width = W, then the energy resolution l1E is determined by the well-known approximation
Eo 2Ren
where Eo is the pass energy defined as the energy which produces a circular orbit for electrons entering at the center of the entrance slit located at Ren . The angle a is the maximum deviation from normal incidence at the entrance of the capacitor permitted by the electron optics. The ratio of the a 2 term to the W IZR en term determines the line shape of the energy distribution of electrons collected at the exit slit. The entrance slit size was chosen to produce an overall resolving power of flE lEo = 1/100. This value results in reasonable values of the actual pass energy and retard ratios for both UPS and XPS photoelectron energy regimes. With Ren ;:::; 100 mm, this resolving power requires an entrance slit width of W = 2 mm. The length of the slit along the nondispersive ¢ axis of the capacitor was chosen to be 1 cm. This dimension is limited by the size of opening permitted in the Jost-type field termination plates. Since our typical samples are 1 em or less in maximum dimension, this is not a practical limitation. With a magnification of Mr = 1, we therefore image 20 mm 2 of sample area. Ray tracings of the capacitor transmission were performed assuming an ideal lIr field inside the hemispheres.
The transmission line shape was modeled for the case of equal width entrance and exit slits (W = 2 mm) placed at the same radius, The entrance slit was uniformly illuminated in both position and angle. For the case of W 12R en = 0.01, an a of 0.1 yielded an approximately Gaussian energy distribution at the exit slit with flE lEo = 0.0135. For a = 0.05, the energy distribution is essentially triangular, which is the result expected for the convolution of a uniformly illuminated entrance slit and exit slit (i.e., 100% transmission). The calculated transmission was 71 % for a = 0.1 and 92% for a = 0.05. These results are in good agreement with previous work. A ray trace through an idealllr field with a = ± 0.1 is shown in Fig. 4 for two incident energies given by E lEo = 0.9 and E lEo = 1.1. This figure illustrates that the position of the entrance slit (Ren) is not best located at Ren = Ro (the mean radius) when a multidetector array is installed. Because of the nonlinearity of the hemisphere dispersion, a balanced placement of virtual exit slits results when the entrance slit is displaced towards smaller radii from Ro. The actual displacement depends upon the range of energies to be detected in multidetector mode (the bandpass), and upon the gap size and mean radiusY In our case the balanced slit position is at Ron = 3.875 for a bandpass of 6.KE = ± 0.1 Eo. As can be seen from Fig. 4 , with a value of a = 0.1, the analyzer physical limits (R I and R 2 ) are just adequate for this value of bandpass, resulting in a maximum ofl6 virtual exit slit positions. In practice, we have chosen to implement only eight, which simplifies the electronics, results in a smaller filling factor for the hemispheres, and requires a smaller microchannel plate (25 mm diameter). The termination plates were designed using the Jost criteria. 23 The inner termination plate is at the inner hemisphere potential, the outer plaie is at the outer sphere potential. The Jost criteria for field termination in hemispheres is that the aperture diameter in the plane of the termination plates should be ;::::~ the gap spacing. In the vicinity of the entrance slit, the Jost criteria are followed closely, resulting in an aperture (A 2 ) diameter of ~ in. At the exit plane, this diameter must be increased to accommodate the larger diameter of the microchannel plate, so the diameter is increased to Ii in. (aperturediameter/gap width ratio = 5/8).
Elsewhere, the termination plates have a I-mm gap located atR"n·
III. ELECTRONICS
The simplest lens optical mode to bias is the RF mode. In this case, only two power supplies are required, one to provide the sweep voltage, and a second floating supply to provide the capacitor bias. The potential on the hemispheres is determined from VCr) = Vel! (2Renlr -1). Here Vcn = Eol e, that is, the potential at Ren is defined in units of the pass energy. The pass energy is set by reference to the potential across the capacitor. Using V 2 = V(R z ) and Bias potentials to the lens elements and capacitor are provided by simple resistor dividers. The potential relationships are shown in Table 1 , By using resistor chains, once the focusing potential is adjusted for LE5, changes in pass energy can be accomplished without further readjustment. The sweep potential is provided by a voltage-programmable 0-2-kV power supply. This is driven by a 16-bit digital-to-analog converter (DAC). We use a Burr-Brown DAC1600KP for the DAC, communicating with a microcomputer bus through an Intel 8255 programmable peripheral interface chip. 24 The 16-bit accuracy is required in our system because of the large voltage range encountered in XPS and Auger spectroscopy.
Operation of the analyzer with other focusing modes requires bipolar power supplies outputting a nonlinear function of the sweep potential. In order to operate the optics as a true five-element lens with pass energies ranging from 20-100 eV, and a sweep range from 0-1500 eV, power supplies capable of a voltage swing from + 500 to -1200 V are necessary. Although this could be done using unipolar supplies summed with offset potentials, such a method cannot be simply driven by DACs referenced to ground. One solution we have found makes use of an inexpensive solid-state high-voltage linear amplifier circuit, shown in Fig. 5 . This circuit is capable ofa voltage swing of35oo V, and is capable of true bipolar output. Three of these linear amplifiers are needed to bias LE2, LE3-LE4, and LE5 in the five-element mode. Each circuit can be driven independently by a 12-bit DAC (the lower resolution is adequate for the lens potentials). The three ganged amplifiers can then be biased by a single offset high-voltage supply, or alternatively by one positive and one negative supply.
IV. EXAMPLE SPECTRA
The completed analyzer assembly has been tested over a wide range of kinetic energies for several spectroscopic techniques. Photoelectron spectra have been accumulated using ultraviolet and soft x-ray synchrotron radiation, and with laboratory characteristic line x-ray sources. By applying an ac modulation voltage to the sweep supply, derivative spectra of Auger electrons are routinely accumulated using electron excitation. Both a single-channel electron multiplier and a microchannel-plate array have been used as detectors in pulse counting mode; only the channeltron has been tested in Auger spectroscopy by reducing the bias potential and using lock-in amplifier detection of the current. Figures 6 and 7 show some example spectra taken with monochromatic soft x-ray radiation and AlKa radiation. The monochromatic spectrum of W ( 110) used a pass energy of 30 eV, and a photon energy spread of :::::;0.80 eV. The overall resolution as determined by the Fermi level width is 0.9 eV, which corresponds to an analyzer resolution of !lEa = 0.41 eV. This yields an experimental value for the analyzer resolving power of aE a = 0.0137 Eo, which can be compared to the theoretical value of 0.0135. The XPS survey scan was taken with a pass energy of 100 e V from a sputtered and annealed Cu( 100) crystal.lt is clear from these example spectra that the complete analyzer system has a well-behaved transmission function over a wide range of kinetic 500.
Kinetic Energy (eV.) • energies. These spectra were accumulated in the retardingfield lens mode.
Vo COMPARATIVE PERFORMANCE AND DESIGN EXTENSIONS
An extensive treatment of balanced five-element lenses can be found in the work by Heddle et al. 17 In particular, the lens in our work is closely related to the configuration denoted Lens 3 in Ref. 17; we call this the Heddle lens. The Heddle lens also uses symmetrically placed gaps, with P = Q = 2.25. However, the A ID ratio is larger, with A'ID ~ 1.5. This value for A ID was considered unsuitable for our design for two reasons. First, the element near the sample must be truncated in order to allow photon and particle beams to strike the sample surface. In order for the truncation not to seriously perturb the lens-gap field, we move the gap away from the sample with the choice of A ID = 1. Second, by using an A / D ratio for which tabulated threeelement lens data is available, we were able to compare the theoretical predictions of two independent calculations with the final experimental results. Since theA ID = 1 configuration is a common one, it is also possible that our results may be of use in examining other existing optical systems.
The theoretical behavior of our five-element lens is similar to that of the Heddle lens. Alteration of A ID from 1.5 to 1.0 results in a slight reduction in the range of retardation ratios for which a constant magnification and exit focus position can be maintained. For the Heddle lens, a theoretical limit of 50: 1 is predicted, while our calculations begin to have a reduced magnification above R = 40. The Heddle calculations also include details of how to bias the five-element lens for constant angular magnification. Although we have not verified the performance of our lens in this mode, the close agreement between theory and experiment that we find for Mr = 1 suggests that constant angular magnification is also achievable with our AID = 1 configuration.
The retarding field mode of lens operation can be compared with previous work by Noller et 01.20 The RF approach to zoom lens operation has been utilized in some previous spectrometer systems,19.20 although the details of the Einzel lens design and performance have not been reported. Our experimental determination of two modes ofRF focusing is probably not critically dependent on the Einzel lens details, however, and may therefore be expected to hold true in other systems.
Since we have verified that the lens optics can be run with and without the formation of an intermediate image at the grids, this feature can be exploited to provide a means for changing the angular acceptance of the optics by purely electronic means. This is accomplished by placing an aperture at the grid position whose size is equal to or greater than the analyzer entrance slit (M r = 1). When an intermediate focused image is formed at the grids (RF mode 1), this additional aperture has no effect; the angular acceptance is determined by At and the retard ratio. If no intermediate image is formed, as in the five-element mode or RF mode 2, this additional aperture does restrict the angular acceptance. The aperture size for a given entrance angle can be determined from the ray traces of Fig. 3 . As an example, we can calculate the effect of a l-cm-diam aperture at the grid position. When an intermediate image is formed at the grids, the analyzer angular acceptance varies as 1l.fJ = a (EjE,) 1/2. Without intermediate image formation, the increase in 1l.(J for small E, is suppressed by the presence of the extra aperture. The reduction is by ! at unity retard ratio, and by a factor of 0.75 at EalEs = 4. Above EJE u = 16 the angular acceptance is limited by AI to the same value as without the grid aperture.
We are currently developing a spin-polarization detector to retrofit in place of the multichannel detector array.25 Because of the mechanical and optical design of this analyzer, such a retrofit requires no modifications to the analyzer itselfbeyond removal of the original detector. The mounting plate holding the capacitor and detector is at the pass potential, so that relative to this potential the exiting electrons have constant kinetic energy (Eo) regardless of sweep energy. This means that a simple three-element asymmetric Einzellens is all that is necessary to accelerate or decelerate the exiting electrons from the pass energy to the spin-polarizer target potential. If a three-element aperture lens is used, the first element could also serve as the analyzer exit slit.
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